Purpose: Widespread adoption of optical coherence tomography has revolutionized the diagnosis and management of retinal disease. If the cellular and subcellular sources of reflectivity in optical coherence tomography can be identified, the value of this technology will be advanced even further toward precision medicine, mechanistic thinking, and molecular discovery. Four hyperreflective outer retinal bands are created by the exquisite arrangement of photoreceptors, Müller cells, retinal pigment epithelium, and Bruch membrane. Because of massed effects of these axially compartmentalized and transversely aligned cells, reflectivity can be localized to the subcellular level. This review focuses on the second of the four bands, called ellipsoid zone in a consensus clinical lexicon, with the central thesis that mitochondria in photoreceptor inner segments are a major independent reflectivity source in this band, because of Mie scattering and waveguiding.
O ptical coherence tomography (OCT), now ubiquitous in ophthalmology, is an interferometry technique that uses a low-coherence light source to achieve noninvasive depth-resolved views of chorioretinal structure in vivo. In an OCT image, the depth information of the tissue structure is extracted from patterns formed by interference of light backscattered from the tissue and from a reference beam. 1 The structure and reflectivity of tissues and cells, in principle, are established by boundaries in refractive index.
Because of excellent depth resolution (7 mm in commercially available devices), reflectivity can be localized to the subcellular level in OCT images. 2 Four hyperreflective bands from the outer retina ( Figure 1 ) are used to assess photoreceptors and their support system. Band terminology from an international working group is being widely adopted 3 With subcellular resolution, the contributing cells are rendered with biologically distinct internal structures separated in depth, a feature best documented for the photoreceptors but also true for the RPE and Müller cells. [4] [5] [6] [7] The significance of OCT reflectivity can be elucidated with information afforded by high magnification and resolution histological investigation. Definitive imaging-histology correlations in the outer retina require attached and axially aligned photoreceptors, a challenge even in laboratory animals due to the potential for artifactual detachment and compaction of delicate outer segments (OSs). Furthermore, commonly used animal models lack a macula (i.e., an allcone foveola, sharp gradients of photoreceptor density, a Henle fiber layer, 8, 9 and a high concentration of Müller cells 10 ). By contrast, in human eyes, pathology strongly perturbs outer retinal band structure on OCT, facilitating a qualitative match to histology. Before our recent publications, [11] [12] [13] [14] [15] [16] [17] the small number of human and monkey eyes examined in service of validating OCT included few pathologic specimens, nonmacular tissues, few or imprecisely specified macular locations, and low-resolution OCT images. [18] [19] [20] [21] [22] [23] [24] Optical coherence tomography nomenclature may be anatomically and neurologically informative. 25, 26 In this article, we review the evolution of Band 2 nomenclature over the past 2 decades. We discuss the origins of imaging signals from photoreceptor mitochondria that could make molecular pathways in these organelles visible in vivo. In healthy eyes, mitochondria are uniquely arranged in a tight bundle in photoreceptor inner segments (ISs) and comprise 74% to 85% of IS ellipsoid (ISel) volume in the cones and 54% to 55% in the rods. 27 Because of this abundance, mitochondria were proposed to perform optical functions in addition to canonical functions of oxidative phosphorylation and calcium buffering. 27 We review normal anatomy and optical properties of the human outer retina. We present outer retinal tubulation (ORT) in age-related macular degeneration (AMD) as a probe of reflectivity. We discuss the debate on the EZ versus IS/OS nomenclature and technical considerations underlying conflicting data. We describe experimental and clinical studies bearing on reflectivity and discuss strengths, limitations, and future directions. Taken together, our recent data suggest that ISel mitochondria are a major reflectivity signal in OCT. For other aspects of OCT-revealed outer retinal structure, readers are directed to recent reviews. [28] [29] [30] 
Evolution of Band 2 and Its Nomenclature
Early OCT, because of limited depth resolution, combined signals from adjacent retinal layers, resulting in one thick outer retinal reflective band. 31 As OCT technology improved in speed and resolution, new systems resolved outer retinal layers in more detail. By 1999, photoreceptors were visible as well as the RPE and choroid. 32 In 2004, a reflective band between Band 2 and the RPE became visible. 33 With newly revealed structures, terminology was adjusted accordingly.
To document evolving nomenclature for Band 2, we reviewed 164 published articles illustrating labeled OCT scans in normal macula in 7 major journals from 1995 to 2015. Several epochs are summarized in Table 1 . Up to 2013 (through time-domain and spectral domain [SD]-OCT), the most common name for Band 2 was IS/OS junction, which was based on internally inconsistent reflectivity data from one laboratory. 19, 34, 35 During this time, Huang et al 32 directly aligned histology of photoreceptor layers and reflective bands in an avian eye, suggesting the ISel as one of several possible reflectivity sources. Others also pointed out this correspondence. 36 In 2011, to determine the dimensions of cellular compartments that regulate band spacing, Spaide and Curcio compiled outer retinal biometry from a century of published literature. The resulting anatomically precise model was aligned with the SD-OCT bands from one instrument and anchored at Bands 1 and 4, which were felt to be secure. In the fovea and perifovea, Band 2 aligned best with the anatomical ISel and not the IS/OS. 11 Starting in 2012, ISel and EZ terminology appeared in publications, and references to the IS/OS decreased markedly.
In 2014, a comprehensive OCT nomenclature was proposed for all chorioretinal structures, and building on the Spaide and Curcio model, Band 2 was designated as EZ. 3 The term "zone" signified that factors beyond the anatomical ISel contributed to reflectivity and merited further research. Also in 2014, Jonnal et al, 37 using adaptive optics (AO)-assisted OCT imaging of individual cone photoreceptors, showed thin reflective planes at the Band 2 level. These were attributed to interfaces between cone IS and OS, 37 prompting commentary 38 and a debate that continues (see below).
In 2015, with OCT angiography on the rise, 39 numerous publications did not label the outer retinal bands, even if visible (Table 1 ), but in those that did, Band 2 was named EZ or ISel.
Origins of Imaging Signals: General Principles and Application to Photoreceptors
Either in en face (e.g., scanning laser ophthalmoscopy, SLO) or cross-sectional (OCT) imaging, retinal structure is rendered by light scattered back to the detection device. 40 For high-resolution imaging to achieve maximal utility in elucidating disease progression, it is important to understand what subcellular structures contribute to reflectivity and how the reflectivity is detected by different devices. Reflectivity is a collective manifestation of light scattering, that is, the redirection of light from an original direction. Light as electromagnetic waves scatter when they meet an object. Simultaneously electric charges in the object are also excited by the electric field of the incident wave and reradiate energy over a wide range of angles. Light propagation can be described by Maxwell equations, which consider the interactions between the electric and magnetic fields of light with matter. 41, 42 Mie scattering is one solution of Maxwell equations under specific conditions of particle size, shape, and refractive index, refractive index of the surrounding medium, and wavelength of light. 43, 44 Investigators have used Mie principles to model the effect of light passing through cells and tissues. In cultured cells, mitochondria and lysosomes are strong light scatterers, complying with Mie theory. [45] [46] [47] Below, we will show that mitochondria are the main light scattering organelle in cone photoreceptor IS surviving in advanced AMD.
Light scattering by mitochondria is related to their functional status and morphology, making it possible to contemplate monitoring mitochondrial health in vivo. Scattering has been found to be proportional to the activity of succinate dehydrogenase (Complex II of the electron transport chain and part of the Krebs cycle) and organelle content in normal and neoplastic tissues. 48 Refractivity of isolated mitochondria in vitro is affected by metabolic state. 49 Light scattering is affected by morphologic changes associated with oxidative stress. 45, 47 Furthermore, mitochondrial morphology is dynamically controlled to respond to energy needs and environmental stimuli. Fission, resulting in smaller mitochondria, occurs in apoptotic cells and has been monitored in cultured cells by changes in light scattering, [50] [51] [52] with increased scattering/reflectivity/backscatter detectable by OCT. 53 Changes in mitochondrial ultrastructure, including an expanded matrix and absence of intracristal spaces, has been accompanied by a decrease in the ratio of wide-to-narrow angle scattering. 54 Light scattering by photoreceptors also has a strong component over a narrow solid angle, known as waveguiding. [55] [56] [57] Light waveguiding can be mostly seen in an optical fiber which has a core of high refractive index relative to the surrounding medium, thereby allowing light to propagate by total internal reflection in patterns of energy distribution called modes. 55, 57 Photoreceptors are optical fibers, because of the internal packing geometry and high refractive index of ISel mitochondria. 58 In a normal eye, photoreceptors point to the pupil center. [59] [60] [61] Light returned from photoreceptors toward this center has a peaked intensity distribution called the optical Stiles-Crawford effect. In AO-assisted imaging, waveguiding allows highcontrast imaging of the mosaic of photoreceptors. 56 Confocal AO scanning laser ophthalmoscopy (AO-SLO) can efficiently collect light waveguided from the photoreceptors over a narrow angle, whereas AO-SLO with nonconfocal split detection can collect light scattered from photoreceptors over wide angles. Thus, this modality can reveal photoreceptors even if waveguiding is absent because of cellular degeneration. 62 
Anatomy and Optical Properties of the Outer Retina in Humans
Photoreceptors, Müller glia, and RPE are the cells of outer neurosensory retina ( Figure 2 ). The cones and rods span from the outer plexiform layer to the apical side of the RPE. Light passes through the photoreceptors from the inner aspect (i.e., from synaptic terminal) to the OS. Visual signal transmission flows in the opposite direction, from the OS to the synaptic terminal. Photoreceptor OS are made of stacked disks, and their tips are surrounded by specialized apical processes of the RPE. 63 Outer segments are connected to IS by connecting cilia (Figure 3 insets). Inner segments comprise inner and outer components of myoid (ISmy) and ISel. Inner segment ellipsoids house tightly packed bundles of mitochondria needed for high metabolism. 64 Inner segments pass through the ELM and connects to photoreceptor nuclei in the outer nuclear layer (ONL). Cone and rod inner fibers interleaved with Müller cell fibers constitute the Henle fibers, unique to macula, and connect to cone pedicles and rod spherules, respectively. Photoreceptor OS and IS are surrounded by an extracellular matrix sheath containing cone-and rod-specific glycoconjugates. 65, 66 Müller cells, with somas in the inner nuclear layer and spanning all retinal layers, 67 contribute to junctional complexes with photoreceptors that comprise the ELM. 68 The remainder of this review focuses on the bacillary layer, 69 that is, the IS and OS of the rods and cones. However, recall that the hyporeflective ONL band in OCT comprises not only the anatomical ONL of photoreceptor nuclei but also the Henle fiber layer, 11, 70 which are distinguished from each other in normal eyes using directional OCT and in diseased eyes by hyperreflective patches in the inner "ONL" often associated with focal pathology like drusen. 70 Readers may consult recent publications on this topic. 11, [70] [71] [72] Human photoreceptors in excised tissues can be viewed by differential interference contrast microscopy to reveal differences in refractive index. In wellpreserved tissues, these observations provide a glimpse of in vivo optical properties. 73 Archival videos were available from a 1990 study of the flat-mounted human retina that provided the histologic basis of singlephotoreceptor imaging through AOSLO. 62, 73, 74 Supplemental Digital Content 1, 2, 3 (see Videos 1-3, http://links.lww.com/IAE/A764; http://links.lww.com/ IAE/A765; http://links.lww.com/IAE/A766, respectively) reveal differences in cell shape, internal structure, and contrast along the IS long axis at 2 foveal and 1 perifoveal location. At the edge of the rod-free zone and the apex of cone ISel (near the OS, see Video 1, Supplemental Digital Content 1, http://links.lww. com/IAE/A764), optical cross-sections are circular, widely separated by intervening interphotoreceptor matrix, and packed in an orderly triangular array. Further sclerad, IS cross-sections are large, polygonal, and contiguous with their neighbors, and they exhibit a finely granular internal structure consistent with packed mitochondria. At the ISmy, IS are wide, individual cells are barely resolvable, and internal texture is heterogeneous because of the presence of organelles including cone lipofuscin. 75, 76 At the ELM, IS crosssections formed by tapered ISmy surrounded by Müller cell microvilli are again separated and circular. Importantly, the direction of contrast at the ELM is reversed from that in the ISel. That is, each cell is bright on its right side at the ISel and bright on its left side at the ELM. In the direction traveled by light (ELM, ISmy, ISel, and OS), the refractive index gradients established at the ISmy, where cells are first individually resolvable, are maintained throughout the rest of the light path. Similar effects can be seen for the perifovea, in which the rods surround the cones (see Video 2, Supplemental Digital Content 2, http:// links.lww.com/IAE/A765). Conversely, at the foveal center (see Video 3, Supplemental Digital Content 3, http://links.lww.com/IAE/A766), cone IS are bright on the left edge at both the ISel and ELM. The absence of contrast reversal seen at other retinal locations is undetectable at the foveal center, suggesting different gradients of refractive index at this critical location for human vision. 27, 77 These optical changes can be correlated with internal ultrastructure of IS as revealed by transmission electron microscopy of a macaque monkey macula (see Methods, Supplemental Digital Content 4, http://links.lww.com/IAE/A767). Viewed in crosssection through the ISel near the myoid (Figure 3 , A and B) and near the OS (Figure 3 , C and D), mitochondria are electron dense and tightly packed. In individual cones, ISel mitochondria are 7.3-fold more abundant near the myoid and 4.5-fold more abundant near the OS in the fovea compared with the perifovea. 9 Relative to the ISel near the myoid, the ISel near the OS had 39.9% fewer mitochondria in perifoveal regions. In the rods, mitochondria number varied little across the macula ( Figure 4A ). Near the myoid and near the OS, the diameter of mitochondrial crosssections and electron density are consistent in foveal and perifoveal regions. The cross-sectional area fraction occupied by mitochondria (an unbiased estimator of volume fraction) rises from 0.05 to 0.5 near myoid and 0.2 to 0.5 near OS ( Figure 4B ). To characterize the distribution of mitochondria across the IS cross-section, 78 mitochondria were counted in five annuli centered on the ISel geometric center ( Figure 4C ). Numerical density decreased from the ISel center to the perimeter in the apex (near OS) in the fovea and perifovea and was constant in the base (near myoid) until the last elliptical Numerical density was calculated with 5 elliptical annular zones, centered on ISel geometric center with a major radius of 0.475 mm and a minor radius of 0.375 mm. Each point in a region is an average of cones in six micrographs for that level. Zones 4 and 5 in Region 2 (fovea) have no mitochondria because they extend outside the diameter of the ellipsoid (2.04 mm for near OS). Regions 4 and 6, rod-containing perifovea. Bars, standard error. annular zone in foveal and perifoveal regions (Zone 3 and Zone 5, respectively). Conversely, the average diameter of a connecting cilium, the anatomical IS/OS, is just 0.37 mm ( Figure 3D) . A cross-section of connecting cilium encountered by incoming light is very small, making this structure an unlikely contributor of significant reflectivity.
Outer Retinal Tubulation as a Probe of Reflectivity
Our research program has access to high-quality human eye pathology specimens through a long-term collaboration with the Alabama Eye Bank, a large eye bank and a United States industry-leader in rapid tissue recovery. Because AMD is prevalent among older persons who may become eye donors, the potential for imaging-histology comparisons (between series of cases) and correlations (within single cases) for AMD is high. Between 1995 and 2009, we accessioned eyes for AMD research at ,6 hours death-to-preservation time. In 2011 to 2013, NIH and foundation support enabled creation of the Project MACULA website, an online digital catalog of high-resolution histology of 82 AMD and 60 unremarkable aged maculae with an accessible database of annotations and layer thicknesses. The website was premised on the idea that subcellular detail was available in comprehensive structural SD-OCT, and that histological validation of SD-OCT could leverage longitudinal data in patient populations for accurate AMD timeline and pathobiology discovery. Among the insights afforded by systematic and unbiased review of these eyes was a major description of ORT, a form of neurodegeneration and gliosis first illustrated by author Curcio in 1996 79 and named for its appearance in SD-OCT by author K.B.F. in 2009. 80 Histological insights were paired with multimodal imaging including optimized structural SD-OCT and AOSLO.
It is useful to briefly review literature on neurodegeneration in AMD. Our long-standing hypothesis is that AMD is a disease of the photoreceptor support system (RPE and choroid) with a secondary neurodegeneration. Photoreceptor degeneration and death is the basis of visual dysfunction, and the relative rate and topography of the rod and cone dysfunction is a characteristic of every disease affecting photoreceptors. The human macula consists of a small foveal region (0.8-mm diameter) with only the cones surrounded by a larger rod-dominated perifoveal annulus (6-mm outer diameter). 73, 81 The rods not only exist in the macula but also significantly predominate over the cones (9:1 in a young adult and 6:1 in an older adult). In aging and in early AMD, the parafovea and perifovea are susceptible to rod loss, with subsequent cone disease, 79, 82 as borne out by functional studies. 83, 84 Other histological studies of AMD eyes have demonstrated that as cones begin to degenerate, OS and IS shorten, 85 cone opsin redistributes, 86 and stress proteins are expressed. Cells dwindle in number over drusen 87 and undergo apoptosis. 88 The cones can persist without IS and OS over areas depleted of RPE in geographic atrophy. 89, 90 Associated with advanced macular diseases affecting the RPE and especially late AMD, ORT is also found in some inherited retinopathies. 12, 80, [91] [92] [93] [94] [95] By . BLamD, basal laminar deposit; Ch, choroid; fv.s, fibrovascular scar; INL, inner nuclear layer; M, lipid-containing macrophage; RPE, "entombed" and "melanotic" RPE (terminology of Zanzottera et al 136 ). Used with permission from Litts et al. 13 SD-OCT, ORT is a hyperreflective circular or ovoid profile surrounding a hyporeflective center in the ONL ( Figure 5D ) and distinguishable from cysts, which are mostly found in the inner retina and not surrounded by hyperreflectivity. 80 Clinically, ORT is seen as a biomarker for disease progression and can be stable over years. 96 Outer retinal tubulation does not respond to anti-vascular endothelial growth factor therapy 96, 97 and portends a poor visual outcome because of outer retinal damage. 91 In eyes with ORT, areas of geographic atrophy were found to enlarge more slowly in one study 98 and more rapidly in another, 99 when compared with eyes lacking ORT.
The originators of ORT terminology speculated that ORT comprised scrolled photoreceptors, 80 and by histology, ORT is indeed a formation of degenerating photoreceptors and Muller cells forming the ELM ( Figure 5B , also see Figure 6 from Litts et al 13 ). Fluid-filled cysts lack this cellular organization. 17 Early studies of photoreceptor degeneration in AMD showed photoreceptors surviving in interconnecting tubes over disciform scars. 79 Evidence that photoreceptors forming ORT are largely cones is 3-fold. First, they are positive for carbonic anhydrase, a marker for cones expressing red or green opsin, and for Müller cells. 79 Second, ORT has numerous spherical nuclei with euchromatin (cones) versus rare ovoid nuclei with heterochromatin (rods). 17 Third, in one case, every photoreceptor passing through the ELM contained one lipofuscin granule, distinct in size and staining from RPE lipofuscin 13 and a characteristic of cone ISmy. 75 Outer retinal tubulation is distinguished from the rosettes of retinoblastoma and other tumors by their tubular structure, large size, and degenerative instead of developmental nature. 17 Outer retinal tubulation is also distinguished from rosettes in retinitis pigmentosa by RPE degeneration, location within the macula, and preponderance of surviving cones. 100, 101 The ELM that forms ORT is linked to the border of outer retinal atrophy in AMD, 102 in which the ELM descends toward Bruch membrane, along with subsidence of the ONL. 14, 103, 104 The ELM descent has been classified in a recent histologic analysis of donor eyes with geographic atrophy and macular atrophy secondary to neovascularization. 105 Shapes of the ELM descent were termed flat, curved, and reflected, with the latter plausibly representing proximate steps in the formation of ORT. In a retrospective longitudinal study, atrophic borders progressing to ORT showed shorter elapsed time between the stages of reflected and scrolled ELM descent compared with atrophic borders not progressing to ORT. 12 Thus, the presence of a scrolled ELM descent may represent a committed step of ORT formation. In eyes with neovascularization, those that progressed to ORT had shorter time between the steps of flat and curved than nonprogressing borders. Variable progression rate between steps may underlie the apparent discrepancy in geographic atrophy growth rates between clinical studies. 98, 99 As the macular rods die preferentially in normal aging, 79 and only the cones remain in ORT, the beginning and endpoints of this form of neurodegeneration are now established. Using openings in the ELM as a surrogate for cone IS diameter, we estimated spatial density (cells/mm 2 ) of cones surviving in ORT. Using the reflective ORT band, we calculated the total area inside ORT for a macula, and then the total number of ORT cones. In 10 eyes, we estimated that 6% to 44% of the cones present in a healthy macula were still present in ORT, depending on the eye. 13 The photoreceptor mosaic normally ranges from near 200,000 cells/mm 2 in the foveal center and 10,000 cells/ mm 2 at the macular perimeter in young adults. 73 Thus, 15 the mean density of 20,351 cones/mm 2 in ORT suggests considerable distortion of this mosaic by Müller cell-driven remodeling. 13 To explore the subcellular basis of ORT reflectivity, we defined four histological phases of cone degeneration: nascent (with OS), mature (without OS), degenerate (without IS), and end stage (no photoreceptors and Müller cells forming a circle of ELM). 17 A direct clinicopathologic correlation between clinical SD-OCT and histology of ORT in one AMD case established mitochondria as the one organelle present in shrinking cone IS. 14 As cones degenerate inside and outside ORT, IS mitochondria change in both morphology and distribution ( Figure 6 ). 14, 15 They undergo the process of fission (breaking apart), and they translocate toward the nucleus. Waveguiding toward the pupil center by ORT cones is unlikely because the cones around ORT lumens are radially aligned. Mitochondria are thus implicated as independent reflectivity sources through scattering. However, they are not the only source for ORT because translocating mitochondria cross the ELM and thus the reflective border of ORT incorporates both of these elements, dominated by the numerous mitochondria. The hyperreflective ORT band serves as a potent counterexample to the hypothesis that Band 2 represents the anatomical IS/OS junction. A refractive index boundary and/or change of the waveguiding properties between IS and OS does not seem likely in the absence of OS.
Is It Ellipsoid Zone or Inner Segment/Outer Segment? Technical Rationale Underlying the Debate
Although the EZ terminology is being widely used (Table 1) , many authors continue with IS/OS nomenclature. Here, we summarize evidence suggesting that there may be a common ground, if we consider the principles of different imaging modalities including SD-OCT and AO-assisted imaging. Adaptive optics imaging uses a wavefront sensor to measure wave aberrations of the imaging light caused by the eye, and a deformable mirror to correct aberrations, thereby improving retinal image quality. [106] [107] [108] [109] A. In a normal eye, photoreceptors are oriented toward the pupil center, and ISs contain bundles of long mitochondria. Adaptive optics scanning laser ophthalmoscopy illuminates cones by focusing light (as indicated by the red triangle) on the ELM and collects the reflected light, by a double pass through a large pupil. Because of waveguiding, light coupled inside the cone (within the cone's numerical aperture) traverses the OS and is scattered near the tip of the OS. Part of the scattered light is coupled back inside the OS and is guided back toward the pupil when it emerges from the photoreceptor IS. This part of the light is collected by either AOSLO or OCT. B. Because of this large pupil, the cone numerical aperture is narrower (red triangle) than AOSLO numerical aperture (angle between black lines). Reflected light is collected, and AOSLO renders a clear IS mosaic. C. Degenerating cones with remnant or absent OS do not waveguide but still have reflective organelles. These form a diffuse reflector, scattering incident light over a wide angle (red arrows). Only light within the AOSLO numerical aperture (angle between black lines) is collected, resulting in low reflectance. Retinal pigment epithelium is present but also degenerating. D. Because ORT cone IS contain many dispersed mitochondria, which reflect light (red arrows), OCT renders ORT with a hyperreflective border. Dotted circle represents ELM of ORT with the number of cones reduced for clarity. Retinal pigment epithelium is absent. Cells: Am, amacrine cell; B, bipolar cell; C, cone photoreceptor; DA, displaced amacrine cell; G, ganglion cell; H, horizontal cell; M, Müller cell; R, rod photoreceptor. Layers: BrM, Bruch membrane; ChC, choriocapillaris; GCL, ganglion cell layer; ILM, inner limiting membrane; INL, inner nuclear layer; IPL, inner plexiform layer; NFL, nerve fiber layer; OPL, outer plexiform layer. Drawings are not to scale. Reprinted with permission by Litts et al. 16 Spectral domain OCT and AO-OCT findings: Meadway et al, 110 using AO-OCT, obtained a thickness of 6 mm for Band 2 for a sample of 100 cones at 2°to 3°eccentricity and interpreted them as correlating with the ISel. In this study, the foveal reflex, a single-surface reflector, was found to be 4.8 mm, less than the calculated Band 2 thickness. Thus, Band 2 was thicker than could be explained by a single-surface reflection but was not as thick as the entire anatomical ISel. 110 In a second study, SD-OCT and a novel Reflectivity Model Based (RefMoB) method to fit Gaussian functions of linear reflectivities were used to measure thickness and vertical positions of the outer retinal bands in normal maculae. 111 Band 2 measured 16 11.6 mm at the foveal center, 6.0 mm to 6.1 mm at ±1,500 mm eccentricity in the foveal scan, and 5.9 mm to 6.5 mm across the perifoveal scan. These data were compared with histology of 18 normal human maculae, and Band 2 reflections were attributed to the outer one-third of the ISel. 111 Thus, these 2 studies together suggested that Band 2 reflectivity arose from the anatomical ISel but probably not its entire length, perhaps just the outer portion with the tapered tip. In a third study, using AO-OCT, Jonnal et al 37 measured the thickness of 9,593 individual cones' contributions to Band 2 at 2°(600 mm) and 5°(1,500 mm) eccentricity and found that the thickness (4.7 mm) was close to a single-reflective plane. Spectral domain OCT blurred these reflections, resulting in a reflective band that was three times thicker. 37 These authors proposed that a slanted interface between the plasma membranes of the IS and OS could provide a single-reflective plane in AO-OCT, thus justifying the IS/OS name. 37 Jonnal et al 37 concluded that the 15 mm ellipsoid does not generate Band 2 because the band was too narrow by a factor of 4 and too distant from the ELM.
The debate: The Jonnal model 37 gave rise to a correspondence by Spaide 38 and a reply. 112 Four points were raised in this interchange. First, it is possible that variation in the vertical position of photoreceptors could appear as a thick band in commercial SD-OCT systems. Second, the cones analyzed by AO-OCT were highly subject to selection bias. Third, two studies using histology and older OCT technology had actually shown hyporeflectivity rather than hyperreflectivity at this interface. Fourth, rod photoreceptors were omitted from the AO-OCT reflectivity model. A debate like this is best solved with new data, which has not been forthcoming for normal eyes to date. A suggestion that IS/OS and EZ terms be used interchangeably 17 is unsatisfactory in our view because the anatomical IS/OS junction (cilia, to a retinal cell biologist) and the ISel differ markedly in ultrastructure, protein content, and controlling genes 6, 113 as evidenced in inherited retinopathies affecting specific photoreceptor components.
We capitalized on new knowledge of ORT ultrastructure and visualized ORT in patients with atrophy using the distinct signal detection technologies of SD-OCT and AOSLO. 16 Our rationale is shown schematically in Figure 7 , and results from one case are shown in Figure 8 . By confocal AOSLO, photoreceptors presumed to be waveguiding appear as bright spots in an array representing the mosaic of cones. These are believed to require OS integrity and contact with RPE apical processes corresponding to the IZ on OCT. 62, 114, 115 Adaptive optics scanning laser ophthalmoscopy imaging focuses light approximately on the ELM (red triangle, Figure 7A ) and collects the reflected light by a double pass through a large pupil. The light emerging from the cones originates from two primary reflections that occur within the optical fiber component of the cells, the first from the ISel, and the second at the interdigitation of OS and RPE apical processes. 114 Because of this large pupil, the cone numerical aperture is narrower than AOSLO numerical aperture (red triangle smaller than angle between lines, Figure 7B ). All reflected light from a single cone is collected, and AOSLO renders a clear mosaic. Normally oriented photoreceptors give the maximal light signal thereby presenting well-aligned and uniformappearing structures such as ELM and EZ by OCT. Degenerating cones with remnant or absent OS do not waveguide and thus the visibility of photoreceptor mosaic by AOSLO ( Figure 7C ) and EZ band by OCT is diminished.
To image the retinas of patients with ORT, we used an AOSLO device specifically designed for older persons who may have small pupils, compromised media, and poor fixation. 116 Figure 8 shows multimodal panoramic and detailed imaging of a patient with geographic atrophy secondary to AMD. A branched ORT was visible on near-infrared reflectance imaging ( Figure 8 , B and F) and by en face OCT (Figure 8 , C and G), this ORT appeared bright. By contrast, this same ORT was dark in AOSLO, although the cones in unaffected areas of the macula were hyperreflective ( Figure 8E ). We interpret these findings to mean that SD-OCT detects scattering by persistent mitochondria with coherently enhanced imaging signal, whereas the waveguiding that enables high-contrast cone visualization in AOSLO has been abolished. Furthermore, because ORT cone IS contains many dispersed mitochondria, which reflect light (red arrows, Figure 7D ), OCT renders ORT with a hyperreflective border, whereas by AOSLO, ORT cones appear dark. By AO-OCT, Panorgias et al 117 showed images of ORT in an eye with geographic atrophy. These authors attributed reflectivity in photoreceptor bands exclusively to waveguiding but did not offer a mechanism for the visibility of ORT.
Outer retinal tubulation has provided a new perspective on photoreceptor optics. It is important to remember that 2 major hypotheses for the correlate of Band 2 rely on different light contributing mechanisms (scattering over wide and narrow angles) and image formation (coherent enhancement in OCT). Different technologies may be tapping into different parts of the same larger truth about photoreceptor optics.
Experimental and Clinical Studies of Ellipsoid Zone Reflectivity
Band thickness and reflectivity measurements are subject to errors that should be considered when evaluating the expanding EZ literature. First, reflectivity generated by OCT instruments are contrast-adjusted (in logarithm scale) so that low-intensity features are visible to a human observer. Simulations 111, 118 show that this adjustment not only systematically thickens Bands 1 to 4 but also moves the vertical positions of Bands 3 to 4, in opposite directions. Thus, measurements made from contrast-adjusted data must be viewed cautiously. Conversely, automated segmentation using linear reflectivity may or may not delineate bands correctly if pathology is present. Also, reflectivity of individual bands should be checked for image variability by comparison with features in the same scan that are less affected by the disease process. 119 Because Müller cells span the retina, finding uninvolved structures between the internal limiting membrane and ELM for normalization may be challenging.
Optical coherence tomography is now available for animal models (Figure 9 ), and species with outer retinas of interest for validating signal sources include ground squirrels whose ISel mitochondria scramble during hibernation, 120 tree shrews with megamitochondria, 121 and mice with genetic mutations impacting OS fine structure. 122 In frog retina, investigated with a high-resolution line scan OCT and subsequent histology using a fluorescent marker for mitochondria, 123 the ratio of distances Band 2-Band 1 to Band 1-outer plexiform layer (by OCT) and IS/OS-ELM to ELM-outer plexiform layer (by histology) differed significantly, indicating that Band 2 did not correspond to the anatomical IS/OS. In monkeys, after a light flash, Band 2 intensity decreased, whereas the intensity between Bands 2 and 3 increased, suggesting structural and functional differences for both ISel and OS. 124 The EZ attracts interest because of a potential correlation with visual acuity and prognostic value in retinal diseases. 17 In macular telangiectasia Type 2, reduced rhodopsin immunoreactivity in the rods corresponded with Band 2 loss seen by clinical OCT, whereas specific marker proteins in the mitochondria, cones, and the ELM were unchanged, prompting the idea that rod loss degrades cone reflectivity by causing misalignment. 125 In a comprehensive review incorporating insights from laboratory studies of photoreceptor degeneration, Mitamura et al 29 suggested that the timeline of retinitis pigmentosa starts with Band 3 shortening and disappearance, and proceeds to Band 2 and Band 1 in order. Longer extents of these bands correlated with better retinal sensitivity and visual acuity. Reduced Band 2 intensity has been associated with decreased cone function in patients with early AMD, 126 achromatopsia, 127 and cone dystrophy. 128 Reduced intensity is also associated with hypopigmentation and large drusen in intermediate AMD, possibly indicating disease progression. 129 Strengths, Limitations, and Future Directions 1. Strengths of our ORT research include the confluence of a large number of postmortem eyes with short death to preservation time viewed with highresolution histology and in vivo multimodal imaging based on eye-tracked SD-OCT and informed by AOSLO. Limitations include the fact that OCT does not yet provide enough details to determine cone degeneration phases described in ORT 17 or to disambiguate the contribution of reflectivity sources from ELM and mitochondria in the scrolling phase of ORT. Future studies of ORT should include directional OCT and split-detection AOSLO. 2. Despite these limitations, our data substantially validate mitochondria as the major reflectivity source for Band 2, supporting the consensus EZ nomenclature. 3 3. Furthermore, we proposed that the myoid zone of the consensus lexicon, 3 that is, the hyporeflective band between the ELM and the inner aspect of the EZ, should be evaluated as a marker for cone degeneration, because as mitochondria translocate inward, the myoid decreases in length. 15 4. New information on ORT learned from AMD is relevant to inherited retinopathies such as choroideremia, which are in clinical trials for gene therapy. Clear optics of these overall younger patients can allow for the observation of detailed natural history of ORT formation and involution as well as the contribution of individual genes to the regulation of reflectivity. 95, 130 Importantly, understanding ORT precursors will be helpful in selecting patients most likely to benefit from treatment. 5. Although ORT research has been extremely informative, we should extrapolate from pathology to normal retina cautiously. Our data do not exclude other factors such as the tapered IS apex, the cone matrix sheath, and the presence of rods as contributors to or modulators of reflectivity. Furthermore, the EZ should be seen in the context of visualizing all photoreceptor parts, including OS relations to RPE apical processes (IZ) and axons in relation to Müller cells in the Henle fiber layer. More research studies on all these points are welcome. 6. If mitochondria are plausible reflectors in the IS, then they are candidate reflectors elsewhere in the retina. Mitochondria are prominent in inner retinal neuronal cell bodies, synapses (especially the large pedicles of cone photoreceptors), and in Müller cell cytoplasm near the vasculature. 5 7. Mitochondrial fission, an important process of cell death in age-related neurodegenerations such as Parkinson and Alzheimer disease, can be observed, with all that entails, in vivo. Fission is a process that sequesters irreparably damaged mitochondrial components for elimination by mitophagy, a bulk disposal process involving transport toward the soma. 131 8. Animal models can be approached experimentally to determine the regulation of reflectivity. Spectral domain OCT devices have been available for the preclinical market since 2011, and a comprehensive naming of all the outer retinal bands is now available for mouse. 132 These will enable cell-to-cell correlations, like those performed with human eyes 133 in animal models amenable to deep molecular analysis. Standardization will speed translation of laboratory results to clinical knowledge and scientific questions of clinical importance to the laboratory.
9. Improved visualization of and metrics for mitochondrial health are possible, based on SD-OCT coupled with metabolic imaging, for example, through two-photon fluorescence. 134 
Comparing the results from SD-OCT and AOSLO
visualization of ORT emphasizes that to maximize clinical utility of these sophisticated techniques, we should understand the principles of the imaging technology. 11. Because photoreceptors are superior optical devices and geometrically precise, they are amenable to many analyses that will inform clinical diagnosis as well as reveal their remarkable biology.
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